Abstract Study Design: A control group study with repeated measures. Objective: To compare trunk repositioning parameters in chronic low back pain (LBP) and healthy subjects. Summary and background data: Recent evidence suggests that chronic LBP patients exhibit deficits in trunk proprioception and motor control. Trunk repositioning and the various spatio-temporal parameters related to it can be used to evaluate sensori-motor control and movement strategies. Methods: Fifteen control subjects and 16 chronic LBP subjects participated in this study. Subjects were required to reproduce different trunk position in flexion (15°, 30°and 60°) and extension (15°). In the learning phase preceding each condition, visual feedback was provided. Following these learning trials, subjects were asked to perform ten consecutive trials without any feedback. Movement time, movement time variability and peak velocity were obtained and a temporal symmetry ratio was calculated. Peak angular position variability and absolute error in peak angular position were also calculated to evaluate spatial accuracy. Results: Two subgroups of LBP patients were identified. One subgroup of LBP subjects demonstrated longer movement time and smaller peak velocities and symmetry ratios than normal subjects. No group difference was observed for peak angular position variability and absolute error in peak angular position. Conclusion: Chronic LBP patients, when given a sufficient learning period, were able to reproduce trunk position with a spatial accuracy similar to control subjects. Some LBP subjects, however, showed modifications of movement time, peak velocity and acceleration parameters. We propose that the presence of persistent chronic pain could induce an alteration or an adaptation in the motor responses of chronic LBP subjects. stability and eventually lead to articular damage and subsequent chronic pain [4, 19] . Amongst the numerous aspects of trunk sensori-motor control, trunk and lumbar positioning have been frequently studied in the normal population and in LBP patients [2, 3, 7, 13, 14, 17, 18] . Such a task (trunk positioning) and the various parameters related to it can be used to evaluate sensorimotor control and movement strategies.
Brumagne and colleagues [2, 3] investigated position sense in control and LBP subjects during a lumbar repositioning task. They reported that the repositioning accuracy of LBP subjects was significantly lower than that of healthy subjects. Parkhurst and Burnett [18] studied the relationships between the history of LBP injuries and the proprioception of the lumbar spine. No significant correlation was found between low back injuries and repositioning errors. Newcomer et al. [13, 14] conducted two different studies in which they compared repositioning accuracy of healthy and LBP subjects. In their first study, the authors observed no trunk repositioning differences between healthy subjects and chronic LBP subjects. In their second study, the subjects stood with their legs and pelvis stabilised to limit proprioceptive information from the lower limbs. LBP subjects demonstrated significantly higher repositioning error in flexion and significantly lower repositioning error in extension. Finally, Gill and Callaghan [7] compared the repositioning accuracy of healthy and LBP subjects in two different tasks: (1) trunk repositioning in flexion and (2) lumbar repositioning in a four-point kneeling position. Chronic LBP patients showed greater absolute errors for both conditions. This diversity of results probably can be explained by the different protocols used in each experiment. Indeed, factors such as repositioning amplitudes, starting positions, between trial intervals and task learning differed across studies yielding several hypotheses for explaining the observed results.
One of the most important factors affecting motor learning and performance is practice. Clearly, practice improves performance in a pointing or positioning task [11] . If an immediate feedback (knowledge of result or knowledge of performance) is available after a practice trial, it will have a positive effect on task accomplishment [15, 16] . For example, in a trunk positioning task, knowledge that an error is made in a particular direction gives a strong indication of the ways in which the trunk positioning should be modified in the next trial [20] . For LBP subjects, practice trials (with or without feedback) could be even more critical for motor performance. Our study included a learning period in order to minimise the pain-related fear and its associated avoidance behaviour in the group of LBP subjects. We believe that a stabilisation of the motor response will help to identify motor control alterations associated with chronic LBP rather than pain-related fear or simple learning processes.
In a previous study in which learning trials and visual feedback were provided to subjects, Descarreaux et al. [5] observed that LBP subjects were able to produce isometric trunk forces as accurately as healthy subjects. Two different control strategies, however, were used by chronic LBP subjects to produce accurate trunk isometric forces. Our conclusion was that some LBP subjects changed their motor strategy, by using a more ''close loop'' control, to perform tasks as accurately as the healthy subjects. For the present study, trunk repositioning parameters were measured by following a learning period during which visual feedbacks were provided to all subjects. The aim was to test the trunk repositioning accuracy of healthy and LBP subjects after a learning period. A second objective was to evaluate whether different trunk motor control strategies could be observed between healthy and LBP subjects. If motor planning is affected by chronic lumbar pain, a different strategy of movement production between chronic LBP subjects and healthy subjects should be observed for the LBP subjects.
Methods
Trunk repositioning parameters were measured in 16 subjects with chronic non-specific LBP and in 15 control subjects. Every subject gave their informed written consent and the study was approved by the UniversiteĹ aval (Canada) Ethics Committee. All subjects were recruited through local advertising. The experimental group (LBP) included 16 subjects (11 men, 5 women, age: 41.1 years) who had a history of chronic recurrent LBP that lasted for at least 6 months. Exclusion criteria for both groups were: spondylolisthesis or spondylolysis, ankylosing spondylitis, moderate to severe spinal osteoarthritis, inflammatory arthritis, nerve root compression, trunk neuromuscular disease, scoliosis (15°or more), previous spinal surgery, malignant tumour, hypertension, pregnancy and breastfeeding. Lateral and antero-posterior X-ray films of the lumbar spine (including pelvis) were taken to rule out the possibility of congenital, degenerative or inflammatory diseases of the lumbar spine. A total 28 LBP subjects contacted us and 12 were rejected on the basis of our exclusion criteria. Pain levels at the beginning and the end of the experiment were assessed by using a standard 100-mm visual analogue pain scale (VAS). Each chronic LBP subject filled out the modified Oswerstry questionnaire before the experiment. The control group consisted of 15 healthy subjects (9 men, 6 women, age: 38.2 years). Before the testing began, all subjects performed maximal trunk flexion and extension to determine whether they were able to perform the experimental task without any additional pain. The trunk movements of subjects (in a standing position) were recorded by using a rehabilitation device (Loredan Biomedical, West Sacramento, USA). Testing was performed in a neutral standing posture (0°of flexion or extension) with the pelvis and legs immobilised to minimise proprioceptive information from the lower limbs. Subjects were asked to reproduce three different trunk positions in flexion (15°, 30°and 60°) and one position in extension (15°). Conditions were presented by blocks, with the order of presentation being randomised across subjects. Subjects were encouraged to produce the angular movement without correction of the motor response once it was initiated. For each condition, a learning phase was provided. During this phase and after each trial, subjects were given visual accuracy feedback through an oscilloscope located in front of them. Subjects were informed of their spatial accuracy and could then evaluate the amplitude and the direction of their error. Subjects were specifically asked to flex or extend the trunk to the predetermined position within 10% of the goal target (i.e. ±1.5°, 3.0°and 6.0°). This learning phase stopped when five consecutive trunk positionings were within the 10% margin. Following these learning trials, subjects performed 10 consecutive trials without any visual feedback. All dependent variables were derived from the behaviour observed for these 10 trials.
For every trial, trunk position data were recorded at a sampling rate of 500 Hz and digitally filtered with a second-order Butterworth filter (5 Hz low-pass cut-off frequency). Each trial lasted 5 s. Onset of movement and peak angular position were determined in every trial for each subject. By using this information, movement time, movement time variability and peak velocity (obtained from the first derivative of the movement signal) were obtained. A temporal symmetry ratio was also calculated by dividing acceleration time by deceleration time [12] . The temporal symmetry ratio of an ideally symmetric movement is 1. Movements performed at moderate speed demonstrate a symmetrical velocity profile. Faster and slower movements, however, do not follow this rule [12] . Peak angular position variability and absolute error in peak angular position were calculated for each condition to evaluate the precision of trunk repositioning. The absolute error in peak angular position represents the positive difference between the reached angular position and the target for a particular trial, whereas the peak angular position variability is the standard deviation of 10 pointing trials without feedback. Finally, the total number of practice trials (across all four experimental conditions) was determined for each subject.
A preliminary analysis revealed that differences were present between two subgroups of chronic LBP subjects and that these subgroups were the same subgroups identified in a previous study of isometric force reproduction in chronic LBP subjects [5] . LBP and control subjects participated in both studies and we decided to use the same subgroup to establish whether similar motor control adaptations were present for kinematic variables. Data for both isometric force production and trunk repositioning protocols were collected the same day and one half of the subjects were initially tested for the isometric force protocol, whereas the other half began with the repositioning protocol. In the present experiment, movement time was significantly longer in one subgroup of subjects and the data analyses were completed by using one control group and two chronic LBP subgroups. Table 1 shows the characteristics of the control group and both LBP subgroups. Hereafter, the two subgroups of LBP subjects are named LBPlong and LBPshort.
The total number of practice trials was submitted to a one way ANOVA (Group factor). All other dependant variables were submitted to a Group · Trunk position ANOVA with repeated measures on the last factor. When a main effect of Group or an interaction of Group · Trunk position was observed, post hoc comparisons were performed by Tukey tests. For all analyses, statistical significance was set at P<0.05. Table 1 , pain levels of the LBP subjects, measured with the VAS, did not vary significantly during the course of the experiment (P>0.05). A significant Group difference was observed for the total number of practice trials. Figure 1 illustrates these differences. On average, the healthy subjects and subjects from the LBPshort subgroup needed, respectively, 41.7 (95% Table 2 shows the different trunk position effects. Movement time, absolute error in peak angular position and peak angular variability were similar for 15°of flexion and extension but increased for 30°and 60°of flexion. The temporal symmetry ratio significantly decreased at 60°o f flexion. Trunk peak velocity was similar throughout the four positions (P>0.05). No interaction of Group · Trunk position was noted for any of the variables (P>0.05). 
Results

As reported in
Discussion
The objectives of this study were to test the trunk repositioning accuracy of healthy and LBP subjects after a learning period and to evaluate whether different trunk motor control strategies could be observed between healthy and LBP subjects. Our results revealed that, when given a sufficient learning period, LBP subjects were able to reproduce different trunk positioning as accurately as the healthy subjects. To achieve this accuracy, however, some LBP subjects used a different control strategy. More specifically, they increased their movement time by increasing the duration of the deceleration phase (on average, LBPlong=1.3 s, LBPshort=0.91 s, control=0.96 s) and consequently decreased the temporal symmetry ratio.
Repositioning accuracy
Our results show that, when given a sufficient number of practice trials, repositioning accuracy is similar in LBP and healthy subjects. These results contrast with those of various authors who have investigated repositioning accuracy in LBP subjects and reported greater repositioning errors in this population [7, 13, 14, 18] . Similar protocols were used for all these studies. Participants were positioned at the desired target trunk position for 2 -5 s and were asked to remember this position. They were then brought to another position (full flexion or neutral posture) for a few seconds before attempting to reproduce the initial target position. Most of these studies did not include a learning period and no feedback was given before or during testing. Differences between our study protocol and the previously mentioned studies could explain the contrasts between the different results reported in the literature. For example, our results did not confirm those of Newcomer et al. [14] who reported that LBP subjects repositioning error in flexion positions was significantly higher than that of control subjects but was significantly lower than that of control subjects in extension positions. Only the study conducted by Gill and Callaghan [7] included 10 practice trials with visual feedbacks but the number of learning trials were predetermined and similar for the subjects. Our study protocol included a practice session during which each subject had to complete five consecutive trunk positionings within a ±10% margin of the predetermined target position. Sherwood [21] showed that giving a ''bandwidth knowledge of results'' type of feedback about a relatively large bandwidth (i.e. ±10%) enhanced movement consistency in a pointing task. The methodological differences between our study and the various studies previously mentioned are important. In our study, some LBP subjects took more than 100 practice trials to stabilise their motor response across the four trunk positions tested. Our results clearly demonstrate that when given a sufficient number of learning trials (based on a constant criterion of consecutive successful trials), LBP subjects can reproduce a trunk position with the precision and the variability observed in normal healthy subjects. Such a learning period helps in the stabilisation of the motor responses. The LBPlong subgroup of LBP subjects, however, needed significantly more practice trials than the LBPshort subgroup and the healthy subjects. Two different hypotheses could be responsible for these changes. (1) Modifications to sensori-motor deficits caused by chronic pain [2, 3, 7, 13, 14, 17, 18] and fear-avoidance behaviour could explain the higher number of practice trials observed in one subgroup of LBP subjects (LBPlong subgroup). (2) Fear-avoidance behaviour could have been responsible for the larger number of practice trials needed to stabilise the motor response. Al-Obaidi and colleagues [1] have proposed that spinal physical capacity in chronic LBP patients is not explained solely by the sensory perception of pain. They have shown that isometric trunk strength can be greatly influenced by the anticipation of pain and fearavoidance belief. Interestingly, the LBPlong subgroup exhibited a lower pain score at the time of testing and one could argue that a different motor control strategy has led this subgroup to a better adaptation to chronic LBP. In order to understand the different factors involved in the development of new motor control strategies in LBP subjects, psychological evaluation and a validated fear-of-pain questionnaire should be included in future studies.
The subjects (LBPlong) who needed more practice trials to stabilise their motor performance also used a different control strategy than that used by the other LBPshort subgroup and control subjects to complete the trunk positioning task. Presumably, these changes could be associated with a strategy allowing them to perform lumbar tasks with less pain. Motor control strategies
The isometric trunk force data obtained on the same day yielded similar results to those above. Indeed, the two subgroups of LBP subjects (the same subgroup as that used in the present study) were identified on the basis of their force production parameters and the strategy of control used throughout the experiment [5] . Interestingly, LBP subjects were differentiated by using similar parameters to those adopted in the present experiment (longer time to peak force and, hence, duration of contraction for a subgroup of LBP subjects showing less pain at the time of testing). In the present experiment, one subgroup of LBP subjects (LBPlong) had a longer movement time, a reduced peak velocity and a lower temporal symmetry ratio compared with the second LBP subgroup (LBPshort) and the control group. Therefore, the LBPlong subgroup was not only slower but also used a longer deceleration phase. Although trunk pointing clearly involves a different and a more complex muscular and skeletal organisation than mono-articular upper limb pointing, data obtained from the latter type of movements could provide some hints for the interpretation of our results. For instance, Jaric et al. [12] have proposed that the agonist-antagonist burst characteristics could explain variation in the temporal symmetry ratio. They have shown that slower movements are characterised by a peak velocity occurring sooner than for faster movements. These changes yield a decreased temporal symmetry ratio (as observed in our experiment). Jaric et al. [12] suggest that, in faster movement, muscle viscosity in the agonist muscle would increase the duration and amplitude of the agonist burst, whereas the increased viscosity would assist the antagonist muscle and delay the deceleration phase. In the present experiment, the slower movement time and reduced temporal symmetry ratio (increased deceleration time) of one subgroup of LBP subjects could allow a more efficient utilisation of proprioceptive information and a decrease of the muscular stiffness and compressive forces produced by the erector spinae. It will be interesting to evaluate whether this control strategy is developed in order to reduce pain associated with movement production and to avoid further injuries. These adaptations can be quantified in some chronic LBP subjects in whom movement time, peak velocity and temporal symmetry ratio are different from those of control subjects. Indahl et al. [8] [9] [10] have proposed that motion and stabilisation of the spine are based on a complex reflex activation system that can be activated by various vertebral proprioceptive signals and modulated by interneurons and central commands. Holm et al. [8] have suggested that lesions of vertebral articular structures, such as intervertebral discs, ligaments or zygapophysial joints, could lead to an increased activation of paraspinal muscles. Our results and the apparent sensori-motor deficits described above could either be explained by changes in the central motor command (adaptation to pain) or modifications in the local lumbar reflex system caused by articular pain and degeneration. Electromyographic studies of trunk muscles in repositioning tasks might be helpful in the identification of neurophysiological adaptations and should be included in future investigations.
Influence of position
Testing was performed under four different repositioning conditions for all subjects: flexion 15°, flexion 30°, flexion 60°and extension 15°. Peak velocity was constant throughout the four experimental conditions but movement time, absolute error in peak angular position and peak angular variability increased with an increased angular movement. These observations are normal features of fast movements and have been frequently studied and described in the past [20] .
Conclusion
The present data confirm the presence of different motor control strategies in the presence of chronic LBP. Use of a different control strategy could help some chronic LBP subjects to perform various trunk positioning with a precision and variability similar to those of normal healthy subjects. These subjects, however, needed nearly twice as many trials to stabilise their performance than did control subjects. Interestingly, chronic LBP subjects who adopted a similar control strategy to that of controls were also those reporting more pain at the time of testing. The identification and clinical evaluation of sensori-motor modifications could eventually help to develop new diagnostic tools and better rehabilitation programs for acute and chronic LBP patients.
